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Hepatitis C virus (HCV) encodes two envelope glycoproteins, E1 and E2, that assemble as a noncovalent
heterodimer which is mainly retained in the endoplasmic reticulum. Because assembly into particles and
secretion from the cell lead to structural changes in viral envelope proteins, characterization of the proteins
associated with the virion is necessary in order to better understand how they mature to be functional in virus
entry. There is currently no efficient and reliable cell culture system to amplify HCV, and the envelope glyco-
proteins associated with the virion have therefore not been characterized yet. Recently, infectious pseudotype
particles that are assembled by displaying unmodified HCV envelope glycoproteins on retroviral core particles
have been successfully generated. Because HCV pseudotype particles contain fully functional envelope glyco-
proteins, these envelope proteins, or at least a fraction of them, should be in a mature conformation similar
to that on the native HCV particles. In this study, we used conformation-dependent monoclonal antibodies to
characterize the envelope glycoproteins associated with HCV pseudotype particles. We showed that the func-
tional unit is a noncovalent E1E2 heterodimer containing complex or hybrid type glycans. We did not observe
any evidence of maturation by a cellular endoprotease during the transport of these envelope glycoproteins
through the secretory pathway. These envelope glycoproteins were recognized by a panel of conformation-
dependent monoclonal antibodies as well as by CD81, a molecule involved in HCV entry. The functional
envelope glycoproteins associated with HCV pseudotype particles were also shown to be sensitive to low-pH

treatment. Such conformational changes are likely necessary to initiate fusion.

Hepatitis C virus (HCV) is a major cause of chronic hepa-
titis, liver cirrhosis, and hepatocellular carcinoma worldwide
(39). This small enveloped positive-strand RNA virus has been
classified within its own genus, Hepacivirus, within the Flavi-
viridae family, which also comprises the Flavivirus and Pestivi-
rus genera (54). Its genome encodes a single polyprotein pre-
cursor of just over 3,000 amino acid residues. This polyprotein
precursor is co- and posttranslationally processed by cellular
and viral proteases to yield at least 10 polypeptides (36, 41).
The two viral envelope glycoproteins, E1 and E2, are released
from the HCV polyprotein precursor after cleavage by a host
signal peptidase(s) (reviewed in reference 20).

No efficient and reliable cell culture system is available to
amplify HCV (36). The current knowledge on the character-
ization of HCV envelope glycoproteins is based on cell culture
transient-expression assays. HCV glycoproteins are type I
transmembrane proteins with a large N-terminal ectodomain
and a C-terminal hydrophobic anchor. During their synthesis,
the ectodomains of HCV glycoproteins are targeted to the
endoplasmic reticulum (ER) lumen, where they are modified
by N-linked glycosylation. E1 and E2 possess up to 6 and 11
potential glycosylation sites, respectively (27). HCV envelope
glycoproteins have been shown to assemble into oligomeric
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complexes. They can form a heterodimer of E1 and E2 stabi-
lized by noncovalent interactions as well as heterogeneous
disulfide-linked aggregates (19). Extensive characterization of
the noncovalent heterodimer strongly suggests that this oli-
gomer is the prebudding form of the functional complex, which
will probably subsequently play an active role in the process of
entry into host cells (15).

Immunolocalization studies and glycan analyses have shown
that the noncovalent E1E2 heterodimer is located in the ER
(15, 22). In addition, the transmembrane domains of E1 and
E2 have been shown to play a major role in ER retention of the
E1E2 complex (10, 12, 14). Several attempts have been made
to mutate the transmembrane domains of HCV envelope gly-
coproteins in order to readdress them to the plasma membrane
with the objective of making pseudotyped viruses or develop-
ing a cell-cell fusion assay (6, 26, 40, 43, 51, 57, 59). However,
the transmembrane domains of HCV envelope glycoproteins
also play a role in heterodimerization (46), and this function is
lost when these transmembrane domains are replaced by those
of other proteins (12, 40). In addition, such mutations also
abolish the entry functions of HCV envelope glycoproteins
(31).

Recently, infectious pseudotype particles that are assembled
by displaying unmodified HCV envelope glycoproteins on ret-
roviral core particles have been successfully generated (4, 31).
The data that have been accumulated on these pseudotype
particles strongly suggest that they mimic the early steps of
HCYV infection. Indeed, they exhibit a preferential tropism for
hepatic cells, and they are specifically neutralized by anti-E2
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monoclonal antibodies (MAbs) as well as sera of HCV-in-
fected patients. These HCV pseudotype particles (HCVpp)
therefore represent the best tool currently available to study
functional HCV envelope glycoproteins. In this report, we
characterized HCVpp-associated envelope proteins by use of
conformation-dependent MAbs. We showed that the func-
tional unit is a noncovalent E1E2 heterodimer containing com-
plex or hybrid type glycans. We did not observe any evidence of
a maturation by cellular endoprotease cleavage during their
transport through the secretory pathway. In addition, confor-
mational changes in HCV envelope glycoproteins were ob-
served after low-pH treatment.

MATERIALS AND METHODS

Cell culture. Huh-7 human hepatocellular carcinoma cells (45) and 293T
human embryo kidney cells (293tsA1609neo) obtained from the American Type
Culture Collection (Manassas, Va.) were grown in Dulbecco’s modified essential
medium (Invitrogen) supplemented with 10% fetal bovine serum.

Production of HCVpp and infection assays. Production of HCVpp and infec-
tion assays have been described previously (4). In this work, we used the cyto-
megalovirus (CMV)-Gag-Pol murine leukemia virus (MLV) packaging con-
struct, containing the MLV gag and pol genes and the MLV-green fluorescent
protein (GFP) (4) or MLV-Luc (C. Voisset and J. Dubuisson, unpublished data)
plasmid, encoding an MLV-based transfer vector containing a CMV-GFP or
CMV-Luc internal transcriptional unit. Due to better sensitivity, the MLV-Luc
plasmid was used for the neutralization assays. The HCV sequence used in this
work is derived from the H strain (genotype la) (23). In some experiments,
modified HCV envelope proteins were used. Plasmids pTM1/E1¥HA and pTM1/
E21HA (13) were used to construct phCMV-E1-HA and phCMV-E2-HA, re-
spectively. In these plasmids, the last residue (Ala) at the C terminus of E1 and
E2 has been replaced by an Arg to avoid signal sequence cleavage. In several
experiments, 293T cells were metabolically labeled from 16 to 40 h posttrans-
fection with *>S-Protein Labeling Mix (Amersham Biosciences) as described
previously (19).

Antibodies. The MAbs used in this work have been described previously: A4
(19); H2 (15); H14 (8); H31, H33, H35, H44, H47, H48, H50, H52, H53, H54,
H57, H60, and H61 (24, 25, 48); 1/39, 3/11, 6/16, 6/53, and 9/86a (25); CBH2,
CBH4B, CBH4D, CBH4G, CBHS, CBH7, CBH11, and CBH17 (28). The rat
anti-hemagglutinin (anti-HA) MAb (3F10) was purchased from Roche.

Immunoprecipitation and endoglycosidase digestions. Metabolically labeled
293T cells and HCVpp obtained from cell culture supernatants were lysed with
0.5% Igepal CA-630 in TBS (50 mM Tris-HCI [pH 7.5]-150 mM NaCl). Immu-
noprecipitations were carried out as described previously (21). In some experi-
ments, HCVpp were acidified with 150 mM morpholineethanesulfonic acid
(MES) at 37°C for 20 min at pH 5.5. The pH was back-neutralized with 150 mM
triethanolamine (pH 7.5) before immunoprecipitation. For endoglycosidase di-
gestion, immunoprecipitated proteins were eluted from protein A-Sepharose in
30 pl of dissociation buffer (0.5% sodium dodecyl sulfate [SDS] and 1% 2-mer-
captoethanol) by boiling for 10 min. The protein samples were then divided into
three equal portions: one for digestion with endo-B-N-acetylglucosaminidase H
(endo H), one for digestion with peptide:N-glycosidase F (PNGase F), and one
for an undigested control. Digestions were carried out for 1 h at 37°C in the
buffer provided by the manufacturer (New England Biolabs). Digested samples
were mixed with an equal volume of 2X Laemmli sample buffer and analyzed by
SDS-polyacrylamide gel electrophoresis (PAGE).

Western blotting. Proteins bound to nitrocellulose membranes were revealed
by enhanced chemiluminescence detection as recommended by the manufac-
turer (NEN). Briefly, after separation by SDS-PAGE under reducing conditions,
proteins were transferred to nitrocellulose membranes by using a Trans-Blot
apparatus (Bio-Rad) and revealed with specific MAbs (A4, 3/11, H52, or 9/27)
followed by rabbit anti-mouse (A4 and H52) or anti-rat (3/11 and 9/27) immu-
noglobulin conjugated to peroxidase (dilution, 1/1,000; Dako).

CDS81 pull-down assay. Recombinant fusion proteins containing the large
extracellular loop of human or murine CD8]1 fused to glutathione S-transferase
were preadsorbed onto glutathione-Sepharose 4B beads according to the man-
ufacturer’s recommendations (Pharmacia Biotech, Uppsala, Sweden). Pull-down
experiments were performed as described previously (11). Precipitates were
separated by SDS-PAGE followed by Western blotting with an anti-E1 (A4) or
anti-E2 (3/11) MAb.
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FIG. 1. Noncovalent E1E2 heterodimers are incorporated into
HCVpp. At 16 h posttransfection, 293T cells transfected to produce
HCVpp were metabolically labeled for 24 h. The supernatant (HCVpp)
and cell lysate were immunoprecipitated with anti-E2 MAbs (H35,
H48, and H53). The immunoprecipitates were analyzed by SDS-PAGE
under reducing (R) or nonreducing (NR) conditions. Sizes of protein
molecular mass markers are given on the left (in kilodaltons). HCV
envelope proteins E1 and E2 as well as aggregates (Agg) and SDS-re-
sistant E1IE2 complexes are indicated on the right.

RESULTS

Noncovalent E1E2 heterodimers are associated with
HCVpp. Extensive characterization of HCV envelope glyco-
proteins has shown that these proteins assemble as a nonco-
valent heterodimer which is most likely the prebudding form of
the functional complex (15). Because assembly into particles
and secretion from the cells lead to structural changes in viral
envelope proteins, we were interested in analyzing the modi-
fications associated with HCV envelope glycoproteins incor-
porated into HCVpp. Although we cannot exclude some het-
erogeneity in HCV proteins incorporated into HCVpp, we
focused our work on proteins isolated with the help of confor-
mation-dependent MADs, some of which have been shown to
have a neutralizing activity against HCVpp.

Conformation-dependent anti-E2 MAbs (H35, H48, and
HS53) were used to characterize HCV envelope glycoproteins
incorporated into HCVpp. MAbs H35 and H48 have been
shown to have a neutralizing activity when incubated with
HCVpp (4), indicating that these antibodies recognize func-
tional HCV envelope glycoproteins. As shown in Fig. 1
(HCVpp), two bands corresponding to E1 and E2 were de-
tected after immunoprecipitation with MAbs H35, H48, and
HS53. Since these MADs recognize an epitope present on E2,
these results indicate that hetero-oligomers of HCV envelope
glycoproteins are incorporated into HCVpp (Fig. 1). Similar
results were obtained when infectious HCVpp were purified on
a sucrose density gradient (data not shown). It is worth noting
that HCVpp-associated E2 had a slower and more diffuse
migration pattern than the cell-associated form. This is likely
due to modifications of the glycans by Golgi enzymes (see
below). When analyzed under nonreducing conditions, the
same bands corresponding to E1 and E2 were still observed,
indicating that HCV envelope glycoproteins formed noncova-
lent complexes involving E1 and E2. As observed before (42),
some aggregates were observed on the top of the gel, but they
represented a minor fraction of HCV envelope glycoproteins.
Indeed, the intensities of the bands corresponding to E1 and
E2 were very similar when analyzed under reducing and non-
reducing conditions. Although the majority of E1 and E2 en-
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velope glycoproteins associated with HCVpp form noncova-
lent heterodimers, we cannot exclude the possibility that the
disulfide-linked E1E2 complexes play a role in HCV entry.
When analyzed under reducing conditions, two glycoforms of
E1 were immunoprecipitated from the cell lysate (Fig. 1, Cell
lysate), as previously observed (18). Interestingly, only the fully
glycosylated form of E1 was associated with HCVpp (Fig. 1,
HCVpp). HCV glycoprotein complexes containing the lower-
glycosylation form of E1 are therefore not incorporated into
HCVpp. This finding is in agreement with the observation that
this lower glycosylated form of E1 was associated with aggre-
gates in the cell lysate, as it was detected only under reducing
conditions (Fig. 1, Cell lysate).

Altogether, these results indicate that HCV envelope glyco-
proteins are associated with HCVpp as a noncovalent het-
erodimer.

Maturation of the glycans associated with HCV envelope
glycoproteins. HCV envelope glycoproteins are modified by
N-linked glycosylation. Analyses of the glycans bound to the
intracellular HCV envelope glycoprotein heterodimer have
indicated that only high-mannose type oligosaccharides are
associated with these proteins (15, 22). The absence of modi-
fication of the glycans associated with HCV envelope glyco-
proteins indicates that they are not modified by Golgi enzymes,
which is in agreement with their localization in the ER or an
ER-like compartment.

To determine whether the glycans associated with HCV
envelope glycoproteins expressed in 293T cell are modified by
Golgi enzymes, their resistance to endo H treatment was de-
termined. Indeed, endo H removes the chitobiose core of high-
mannose oligosaccharides and some hybrid forms of N-linked
sugars but not the complex forms (53). Hence, resistance to
digestion with endo H is indicative that glycoproteins have
moved from the ER to at least the medial and trans-Golgi
regions, where complex sugars are formed. PNGase F treat-
ment, which removes all types of N-linked glycans, was used as
a control of deglycosylation. Since H35 and H48 had a lower
relative affinity, we used MAb H53 to analyze the glycans
associated with E1 and E2. Although H53 is not neutralizing,
the proteins precipitated by this antibody have a pattern sim-
ilar to those precipitated by MAbs H35 and H48 (Fig. 1). As
shown in Fig. 2A (Cell lysate), cell-associated HCV envelope
glycoproteins remained endo H sensitive in a steady-state la-
beling experiment, suggesting that the bulk of E1 and E2
expressed in 293T cells is located in an early compartment of
the secretory pathway, as previously shown in other cell lines
(15). As previously observed (19), the PNGase F-treated E2
migrated slightly faster than the endo H-treated protein, and
the PNGase F-treated E1 had a slightly slower migration pro-
file than the endo H-treated form (Fig. 2A, Cell lysate). In the
case of E2, this could be explained by the presence of a residual
N-acetylglucosamine at each glycosylation position after endo
H treatment. The slightly slower migration of PNGase F-
treated E1 is likely due to abnormal behavior of this protein
after modification of its hydrophilicity as observed in C-termi-
nally truncated forms (44).

To determine whether the glycans associated with HCV
envelope glycoproteins incorporated into HCVpp are resistant
to endo H treatment, metabolically labeled HCV envelope
glycoproteins associated with HCVpp were immunoprecipi-
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FIG. 2. Analyses of the glycans associated with HCV envelope pro-
teins. (A) The glycans associated with HCV envelope glycoproteins are
modified by Golgi enzymes. 293T cells transfected to produce HCVpp
were labeled for 24 h. Supernatants (HCVpp) and cell lysates were
immunoprecipitated with the anti-E2 MAb H53. The immunoprecipi-
tates were either left untreated or treated with endo H or PNGase F
and analyzed by SDS-PAGE. Deglycosylated forms of E1 and E2 are
indicated by an asterisk. The endo H-resistant form of E1 is indicated
by two asterisks. Sizes of protein molecular mass markers are given on
the left (in kilodaltons). (B) The bulk of HCV envelope glycoproteins
expressed in 293T cells is not modified by Golgi enzymes. 293T cells
transfected for 24 h were pulse-labeled for 30 min and chased for
different times as indicated (in hours). Cell lysates were immunopre-
cipitated with the anti-E2 MAb HS53. The immunoprecipitates were
either left untreated or treated with endo H and analyzed by SDS-
PAGE. HCV envelope proteins E1 and E2 are indicated on the right.
Deglycosylated forms of E1 and E2 are indicated by an asterisk.

tated with MAb HS53 and either left untreated or treated with
endo H or PNGase F. As shown in Fig. 2A, HCVpp-associated
E2 treated with endo H had a migration profile similar to that
of the untreated protein. An additional faint band of 46 kDa
was also detected, indicating some heterogeneity in the sensi-
tivity to endo H. Together, these data indicate that most E2
glycans are endo H resistant. Interestingly, most HCVpp-asso-
ciated E1l treated with endo H migrated faster than the un-
treated protein but more slowly than the deglycosylated form
from the cell lysate (Fig. 2A; compare El#* and El*). This
indicates that at least one E1 glycan can be resistant to endo H
treatment, while the others are sensitive and therefore likely of
the high-mannose type.
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PNGase F removes all types of N-linked glycans. However,
after PNGase F treatment, two fast-migrating bands were de-
tected for HCVpp-associated E1 (Fig. 2A). One migrated at
the size of the fully deglycosylated protein, and the other had
a slightly slower mobility, suggesting that this form still con-
tained at least one glycan. Such a partial resistance to PNGase
F treatment has already been observed for truncated forms of
HCYV glycoprotein E2 (J. Dubuisson, unpublished data) as well
as for other proteins (30). Whether the PNGase F-resistant
glycan of E1 is the same as the endo H-resistant glycan remains
to be determined.

When HCV envelope proteins are overexpressed in 293T
cells to produce HCVpp, a fraction of these proteins accumu-
late at the plasma membrane, the site where these particles
have been suggested to bud (4, 16, 31). This suggests that HCV
envelope glycoproteins that accumulate at the plasma mem-
brane have followed the secretory pathway; thus, their glycans
should be modified by Golgi enzymes. Because no endo H-
resistant form of HCV envelope glycoproteins was detected in
steady-state labeling, the sensitivity of HCV envelope glyco-
proteins to digestion with endo H was analyzed in a pulse-
chase experiment, which is a more sensitive approach. As
shown in Fig. 2B, HCV envelope proteins remained endo H
sensitive, and even after 12 h of chase, no endo H-resistant
form of E1 and/or E2 was clearly detected, suggesting that the
fraction that migrates to the cell surface must be very small.
This is in agreement with the presence of ER retention signals
in HCV envelope glycoproteins (10, 12). Detection of El
and/or E2 at the surfaces of 293T cells by immunofluorescence
(4, 16, 31) is therefore likely due to small amounts of E1E2
proteins escaping the ER retention machinery.

Altogether, these results indicate that HCV envelope glyco-
proteins incorporated into HCVpp issue from a very small
population of proteins escaping the ER retention machinery
and are thus modified by Golgi enzymes and contain complex
or hybrid type glycans.

Maturation of HCV envelope glycoproteins. Most viral en-
velope proteins are matured by cellular endoprotease cleavage
during their transport through the secretory pathway (32). It
was therefore interesting to determine whether such a matu-
ration also occurred for HCV envelope glycoproteins. As
shown in Fig. 1, SDS-PAGE analyses showed no evidence of a
protease cleavage in E1 or E2. HCVpp-associated E2 migrated
more slowly than the cell-associated form, and the migration
profiles of E1 were very similar for the HCVpp- and cell-
associated forms (Fig. 1). In addition, after deglycosylation by
PNGase F treatment, neither E1 nor E2 from HCVpp mi-
grated faster than the deglycosylated cell-associated forms
(Fig. 2A). However, we could not exclude a cleavage that
would not be detected by SDS-PAGE. Indeed, some C-termi-
nally truncated forms of E1 have been shown to migrate more
slowly than expected due to abnormal behavior in SDS-PAGE
(44). Therefore, we could not totally rule out a cleavage very
close to the N or C terminus of E1 or E2. To exclude an
N-terminal cleavage, HCV envelope glycoproteins associated
with HCVpp were analyzed by Western blotting with antibod-
ies recognizing an epitope located at the N terminus of E1 or
E2. If a cleavage has occurred, the peptide should be separated
from the rest of the protein when analyzed by SDS-PAGE, and
such antibodies should not recognize the bulk of the protein in
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FIG. 3. Detection of the N termini of HCV envelope glycoproteins.
HCVpp purified on a 20-to-60% sucrose gradient and lysates from
cells expressing E1E2 were analyzed by Western blotting with MAbs
recognizing an epitope located at the N terminus of E1 (MAb A4,
recognizing amino acids 197 to 207) or E2 (MAb 9/27, recognizing
amino acids 396 to 407). The anti-E2 MAb 3/11 was used as a control.

Western blotting. We used MAbs A4 and 9/27, which are
directed against epitopes located at the N termini of E1 (amino
acids 197 to 207) and E2 (amino acids 396 to 407), respectively.
As shown in Fig. 3, an E2 protein of the appropriate size was
detected by Western blotting with MAb 9/27, indicating that
the N terminus of E2 had not been cleaved. As a control to
confirm the absence of a partial cleavage, we used an antibody
recognizing an epitope located elsewhere on E2 (MAb 3/11)
and compared the amounts of protein recognized by the two
antibodies. As shown in Fig. 3, there was no evidence of any
relative decrease in the amount of E2 recognized by MADb 9/27,
suggesting that no partial cleavage had occurred. Although 12
residues separate the N terminus of E2 from the epitope rec-
ognized by MAb 9/27, a cleavage within this 12-amino-acid
hypervariable segment is unlikely. As shown in Fig. 3, an E1
protein of the appropriate size was also detected by Western
blotting with MAb A4, indicating that the N terminus of E1
had not been cleaved. In the absence of an antibody recogniz-
ing an epitope located elsewhere on El, we compared the
E1/E2 ratios between cell lysates and purified pseudotyped
particles to detect a partial cleavage. Similar ratios were ob-
served (data not shown), suggesting that no partial cleavage
had occurred at the N terminus of E1.

To exclude a C-terminal cleavage, HCV envelope glycopro-
teins were tagged with an HA epitope at their C termini, and
HCYV envelope glycoproteins associated with HCVpp were an-
alyzed by immunoprecipitation with MAb H53 followed by
Western blotting with the anti-HA antibody. Western blot
analyses with anti-E1 and anti-E2 MAbs indicated that EITHA
and E2THA were efficiently incorporated into pseudoparticles
when these proteins were coexpressed with their wild-type
partners (Fig. 4A). Similar results were obtained when HCVpp
were purified on a sucrose density gradient (data not shown).
The presence of the tag reduced the infectivity of the pseu-
doparticles to approximately 35% in the case of E2 and 4% in
the case of E1 (Fig. 4B). Since the HA tag does not alter E1IE2
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FIG. 4. Detection of the C termini of HCV envelope glycoproteins.
(A) The envelope glycoproteins associated with HCVpp generated
with either E1 plus E2, E1YHA plus E2, or E1 plus E2¥HA or without
envelope glycoproteins (control [C]) were analyzed by immunoprecipi-
tation with MAb H53 followed by Western blotting with the anti-HA
MAD 3F10, the anti-E1 MAb A4, or the anti-E2 MAb H52. Immuno-
globulin light (IgL) and heavy (IgH) chains and SDS-resistant E1
oligomers (X) are indicated. (B) Infectivity of HCVpp containing
HCYV envelope proteins tagged at their C termini with an HA tag was
evaluated by using the luciferase reporter gene. The infectivity of
HCVpp containing E1THA plus E2 or E1 plus E2YHA was compared
to that of HCVpp containing wild-type HCV envelope glycoproteins
(E1 plus E2).

assembly (13), it likely affects the function of the transmem-
brane domains of these proteins during the fusion process, as
shown for some mutations introduced into the transmembrane
domain of the G protein of vesicular stomatitis virus (VSV)
(9). As shown in Fig. 4A, E1THA and E2tHA were detected by
Western blotting with the anti-HA antibody, indicating that
these proteins had not been cleaved in their C-terminal re-
gions.

Altogether, these results indicate that there is no evidence
that HCV envelope glycoproteins incorporated into HCVpp
are cleaved by a cellular endoprotease during their transport
through the secretory pathway. However, we cannot totally
exclude cleavage of a small proportion of HCV envelope pro-
teins associated with HCVpp.

Epitope exposure on mature E1E2 glycoproteins. MAbs are
potentially very useful tools for structure-function studies of
HCV envelope proteins and for defining B-cell epitopes that
might have some relevance for therapeutic and/or vaccine de-
velopment. Large panels of MADbs recognizing HCV envelope
glycoproteins have been generated. Since there is no efficient
and reliable cell culture system to amplify HCV, these MAbs
have been screened against recombinant HCV envelope gly-
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coproteins for their selection, and most of them have also been
generated by immunizing mice or rats with the same recombi-
nant proteins. The relevance of these tools has therefore not
been confirmed on proteins that are functional for virus entry.
HCVpp make it possible for the first time to reanalyze such
antibodies in the context of potentially fully functional HCV
envelope glycoproteins.

The binding of a panel of anti-E2 MAbs that have been
generated in several laboratories, including ours (8, 15, 24, 25,
28, 48), to HCV glycoproteins associated with HCVpp was
analyzed by immunoprecipitation. Among these MAbs, 3/11,
H35, and H48 have been shown to neutralize approximately
70% of HCVpp infectivity, and H54 and H60 have been shown
to neutralize approximately 40% of HCVpp infectivity (4, 31).
As shown in Fig. 5, all the conformation-dependent MADbs
described previously (H2, H31, H33, H35, H44, H48, H50,
HS3, H54, H57, H60, H61, and 9/86a) recognized HCV enve-
lope glycoproteins associated with HCVpp. MAb H14, which
specifically recognizes aggregates of HCV envelope glycopro-
teins (8), did not immunoprecipitate HCVpp-associated pro-
teins. Interestingly, a series of human MAbs (CBH2, CBH4B,
CBH4D, CBHS5, CBH7, and CBH17) also recognized HCV
glycoproteins associated with HCVpp. It is worth noting that
all the conformation-independent MAbs (H47, H52, 1/39, 3/11,
6/16, 6/53, and CBH17) recognized the envelope glycoproteins
associated with HCVpp less efficiently than the majority of
the conformation-dependent MAbs (H2, H31, H33, H35,
H44, H48, H50, H53, H54, H57, H60, H61, CBH2, CBH4B,
CBH4D, CBHS, and CBH?7). This suggests that conformation-
sensitive epitopes are better exposed on functional HCV en-
velope glycoproteins.

Since human MAbs have been obtained from B cells of
HCV-infected patients, they represent antibodies that have
been generated against native antigens in the course of a nor-
mal HCV infection. In the absence of an efficient cell culture
system to amplify HCV, these antibodies therefore represent
valuable tools for the characterization of HCV envelope gly-
coproteins. To further characterize these antibodies, we ana-
lyzed their capacities to neutralize HCVpp. As shown in Fig. 6,
two antibodies (CBHS and CBH?7) significantly reduced the
infectivity of HCVpp. The incompleteness of the neutralization
is likely due to the heterogeneity of E2 glycosylation. Indeed,
due to the high level of glycosylation of E2 (27), some modified
glycans might potentially partially mask epitopes. However, the
observation that CBHS and CBH7 have a neutralizing activity
provides additional support for the observation that HCVpp
mimic the early steps of infection of native HCV.

Enveloped viruses enter cells through two main pathways:
direct fusion at the plasma membrane and receptor-mediated
endocytosis. In the latter case, the fusion of the viral envelope
protein(s) is triggered by low pH within the endosome. It has
been shown that the infectivity of HCVpp is pH dependent (5,
31). This suggests that changes in the conformation of HCV
envelope proteins occur at low pH. We were thus interested in
seeing whether such changes would be detectable with our
MADs. HCV envelope glycoproteins associated with HCVpp
were exposed to a low pH before immunoprecipitation with
our panel of anti-E2 MAbs. As shown in Fig. 5, some changes
were observed. For most antibodies, there was a slight reduc-
tion in the signal of E2 after low-pH treatment. Interestingly,
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FIG. 5. Epitope exposure on HCV glycoproteins associated with
HCVpp. 293T cells transfected to produce HCVpp were labeled for
24 h. Supernatants (HCVpp) and cell lysates were immunoprecipitated
with anti-E2 MAbs. In some experiments, supernatants were treated
with MES (pH 5.5) for 20 min at 37°C (HCVpp-low pH) and pH was
neutralized before immunoprecipitation. The intensities of immuno-
precipitated E2 were determined by phosphorimaging. MADbs are
grouped as conformation dependent or conformation independent.
The epitopes of the following antibodies have been identified: 6/16
(amino acids 384 to 395), 9/86a (amino acids 384 to 407), 3/11 (amino
acids 412 to 423), 1/39 (amino acids 432 to 443), H47 (amino acids 448
to 463), 6/53 (amino acids 544 to 551), and H52 (amino acids 644 to
655). Although it recognizes HVR1, MAb 9/86a (asterisked at the
bottom) is conformation dependent. H14 (Agg) recognizes aggregates
of HCV envelope glycoproteins.

the signal was almost totally abolished for a series of confor-
mation-independent MAbs (1/39, 3/11, 6/16, 6/53, and 9/86a).
In addition to changes in the recognition of E2 epitopes, the
low-pH treatment also induced some dissociation of E1E2
complex. As shown for MAb H50 as an example, the amount
of E1 that coprecipitated with E2 was reduced after low-pH
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treatment (Fig. 7). The intensities of the bands were measured
with a Phosphorlmager, and the quantitative analysis of the
bands indicated that approximately 75% of E1E2 complexes
were dissociated. Together, these data indicate that conforma-
tional changes occur in E1E2 at low pH.

E1E2 heterodimer associated with HCVpp interacts with
CD81. Human CDS81 has been repeatedly shown to interact
with recombinant soluble E2, E1E2 complex, HCV-like parti-
cles, and HCV particles from infectious plasma (7, 17, 25, 28,
34, 47, 50, 55, 60, 63). For the characterization of functional
HCYV envelope glycoproteins, it is therefore important to an-
alyze their interaction with CD81. A CDS81 pull-down assay
was performed for this purpose. As shown in Fig. 8, both E1
and E2 from HCVpp were pulled down with human CD81 but
not with the murine protein. These data confirm that the E1E2
heterodimer associated with HCVpp interacts with human
CD81, which is in agreement with CD81 playing a role in HCV
entry (4, 31).

DISCUSSION

HCV envelope glycoproteins in their mature form, as they
are present at the surface of the particle, have never been
characterized. Because HCVpp contain fully functional enve-
lope glycoproteins, these envelope proteins, or at least a frac-
tion of them, are supposed to be in a mature conformation
similar to that present on native HCV particles. HCVpp there-
fore represent the best tool currently available to characterize
functional HCV envelope glycoproteins. Here, we character-
ized HCVpp-associated envelope proteins with conformation-
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FIG. 6. Neutralization of HCVpp by human MAbs. HCVpp were
preincubated, before infection of Huh-7 cells, with saturating concen-
trations (20 pg/ml)of human anti-E2 MAbs. The saturating concen-
trations were determined by analyzing the extent of neutralization of
HCVpp with several concentrations of several neutralizing antibodies
(data not shown). A negative-control experiment using a nonspecific
human MAb (RO4) was performed. Control pseudotype particles pro-
duced in the absence of envelope proteins were used to establish the
background level, which was always below 1% (data not shown).
Pseudotype particles bearing VSV-G protein were used in a control
neutralization experiment. No neutralization response was observed
with these control particles (data not shown). Results, determined by
measuring the luciferase activity, are expressed as percentages of neu-
tralization.
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FIG. 7. Low-pH treatment dissociates E1E2 complexes. 293T cells
transfected to produce HCVpp were labeled for 24 h. Supernatants,
either left untreated or exposed to a low pH, were immunoprecipitated
with the anti-E2 MAb H50. Immunoprecipitates were analyzed by
SDS-PAGE.

dependent MAbs, some of which had been shown to have
neutralizing activity against HCVpp. We showed that these
HCYV envelope glycoproteins associated with HCVpp formed a
noncovalent E1E2 heterodimer containing complex or hybrid
type glycans. In contrast to what has been observed for most
viral envelope proteins, we did not detect any cleavage by a
cellular endoprotease during their transport through the se-
cretory pathway. In addition, HCV envelope glycoproteins
were recognized by a large panel of MAbs and were shown to
interact with CD81 and to be sensitive to low-pH treatment.
Noncovalent EI1E2 heterodimers are associated with
HCVpp. From sedimentation analyses, there is currently no
evidence that larger oligomers of E1E2 are formed (A. Op De
Beeck, unpublished data). Interestingly, some of the MAbs
used to characterize the E1E2 complex show neutralizing ac-
tivity (4; this work), indicating that they recognize fully func-
tional envelope glycoproteins. Earlier studies of HCV enve-
lope glycoproteins analyzed in transient expression systems
have shown that these proteins can form noncovalent E1E2
heterodimers as well as heterogeneous disulfide-linked aggre-
gates (19, 52). Extensive characterization of the noncovalent
heterodimer with conformation-dependent MAbs has strongly
suggested that this oligomer is most likely the prebudding form
of the functional complex (15). We now show that the mature
HCV glycoproteins form a complex showing some similarities
to the prebudding E1E2 heterodimer. Very recently, a MAb
produced by immunizing mice with an HCV antigen obtained
from a chronically infected plasma has been shown to rec-
ognize disulfide-bound complexes that might potentially be
formed of E1 and E2 (49). However, there is no evidence that
the HCV envelope glycoproteins recognized by this MAb are
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associated with infectious particles, because there was no pu-
rification of viral particles either to generate the antibody or to
analyze its reactivity. There is, therefore, no clear evidence that
this MADb recognizes envelope glycoproteins that are func-
tional in HCV entry.

HCV envelope glycoproteins E1 and E2 possess up to 6 and
11 potential glycosylation sites, respectively (27). It has been
confirmed experimentally by site-directed mutagenesis that
four of the five putative glycosylation sites of E1 of genotype 1a
can be occupied by N-glycans (42). The glycosylation sites
occupied in E2 have not been determined yet. However, ex-
pression of HCV glycoprotein E2 followed by deglycosylation
indicates that a large number of glycosylation sites are occu-
pied. Analyses of the glycans bound to the intracellular HCV
envelope glycoprotein heterodimer have indicated that high-
mannose type oligosaccharides are associated with these pro-
teins (15, 22). A fraction of HCV envelope glycoproteins over-
expressed in 293T cells has been shown to accumulate at the
plasma membrane, where they are supposed to be incorpo-
rated into HCVpp (4, 16, 31). However, our results suggest
that expression of E1 and E2 on the cell surface is likely due to
the accumulation of small amounts of E1E2 proteins escaping
the ER retention machinery. The envelope glycoproteins as-
sociated with HCVpp contain complex type glycans. These
proteins have therefore been transported through the secre-
tory pathway, and some of the N-linked glycans associated with
them have been modified by Golgi enzymes. This is in agree-
ment with lectin binding analyses of HCV particles isolated
from infected patients which suggest that the envelope glyco-
proteins of HCV might contain complex type glycans (56).
Although the glycans associated with E2 proteins incorporated
into HCVpp are modified by Golgi enzymes, most E1 glycans
remain high-mannose type glycans. Indeed, endo H treatment
experiments suggest that E1 might have a single glycan of the
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FIG. 8. E1E2 heterodimers associated with HCVpp interact with
CDS81. Supernatants (HCVpp) and cell lysates of 293T cells trans-
fected to produce HCVpp were pulled down with a recombinant fusion
protein containing the large extracellular loop of human CDS81
(hCD81) or murine CD81 (mCD81) fused to glutathione S-transferase
preadsorbed onto glutathione-Sepharose 4B beads. Precipitates were
separated by SDS-PAGE followed by Western blot analysis with an
anti-E1 (A4) or anti-E2 (3/11) MAb.
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complex type. This conclusion contrasts with the previous ob-
servation that a C-terminally truncated form of E1 had all its
glycans resistant to endo H treatment after secretion (44).
These conflicting observations suggest that the presence of E2
masks the access of the Golgi enzymes to most E1 glycans.
Alternatively, the truncated form of E1 might be more acces-
sible to Golgi enzymes due to its misfolding. It has also been
shown previously that different glycoforms of intracellular E1
can be observed (18). Here, we show that only the fully glyco-
sylated form of E1 is incorporated into HCVpp.

The surface proteins of many enveloped viruses are initially
synthesized as inactive precursors, and proteolytic cleavage is
often required for maturation and full functional activity. In
several virus families, this processing step is carried out by
cellular proprotein convertases (32). In the case of the flavivi-
ruses, the envelope contains two proteins, E and M. The latter
is synthesized as a precursor called prM (29). Newly synthe-
sized E and prM proteins associate to form heterodimers (2,
62) that are incorporated into immature virions by budding
into the ER lumen (38). The particles are then transported
through the secretory pathway, and shortly before release from
the cell, they are converted to the active form by cleavage of
prM by a cellular furin protease in the frans-Golgi network
(58). Heterodimeric interactions between prM and E are im-
portant for proper folding of E (3, 33, 37) and probably also for
protection of the immature virion against acid inactivation
during transport through acidic vesicles (29). Such a matura-
tion of the envelope glycoprotein complex is not observed for
HCV. Whether modification of the glycans associated with
HCV envelope proteins is responsible for the maturation of
the fusion-competent E1E2 complex remains to be deter-
mined.

HCV envelope glycoproteins associated with HCVpp are
sensitive to low-pH treatment. This finding is in agreement
with the observation that HCVpp cell entry is pH dependent
(5, 31). Conformational changes in viral fusion proteins are
necessary for exposure of the fusion peptide, which interacts
with the target membrane and thus initiates fusion. Interest-
ingly, low-pH treatment induces dissociation of the E1E2 het-
erodimer. This is likely necessary to induce homo-oligomeriza-
tion of the active form of the fusion protein, as shown for
alphavirus envelope glycoproteins (61). There is, however,
some controversy about the identity of the HCV fusion pro-
tein. It was first proposed that E1 might be a good candidate,
because sequence analyses suggest that the ectodomain of E1
might contain a putative fusion peptide (26). However, poten-
tial structural homology with other fusion proteins from the
same family, as well as with other type II fusion proteins,
suggests that E2 should be the fusion protein (35, 64). Mu-
tagenesis studies of the putative fusion peptides of the enve-
lope glycoproteins associated with HCVpp, as described for
the flavivirus envelope protein E (1), will be helpful for further
characterization of the HCV fusion protein.
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